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The world 1n 2025
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The world 1n 2025
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The world 1n 2025
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The world 1n 2025
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The world 1n 2025
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The world 1n 2025
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The world 1n 2025
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1n 2025
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Particle physics in 2025

e Cosmology with LSST

- Dark matter, dark energy
e Lepton flavor violation

-g-2

- MuZ2e

- Probe energy scales of ~10% TeV
e Neutrinoless double-beta decay?

- Probe energy scales of ~101°> TeV
e Proton decay”?

- Probe energy scales of ~101°> TeV
e I[LC construction?
e 100 TeV collider planning?

- Future Circular Collider
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Particle physics in 2025

e Neutrinos: First results on mass hierarchy
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Physics 1n 2025: Direct dark matter detection
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e Also indirect detection of DM annihilation in sun or galaxies

Reinhard Schwienhorst




HIL-LHC physics questions
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Big Questions

Big
ldeas

SUSY

Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner

W'iZ

Minimal
Dark Matter

Hidden
Sector

Multiverse

Snowmass 2013
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HIL-LHC physics question

e Higgs - high-precision measurements
- Find/characterize the full Higgs sector
- Look for deviations from SM predictions in Higgs couplings
oW, Z, top - high-precision measurements
- Implications for Higgs
- Look for deviations from SM predictions
e Flavor physics
- How are quark and lepton sectors related?
- What are the symmetries and how are they broken?
- Rare decays
e Dark matter - characterize it
- Find it at LHC
- Study its properties and couplings
e New particles/new physics
- Study particles discovered in Run II
- Follow up on hints from Run II
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HIL-LHC physics question
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Collider theory calculations 1n 2025

Process Calculation

tt+jQ) do(NWA top decays) @ NNLO QCD + NLO EW
tt+V do(top decays) @ NLO QCD + NLO EW
single-top do(NWA top decays) @ NNLO QCD + NLO EW
3] do @ NNLO QCD + NLO EW

Y+ do @ NNLO QCD + NLO EW

HH do @ NLO QCD with m/my dependence

H doc @ NNNLO QCD

\A% do @ NLO QCD + NLO EW

e Expect to have predictions at ~1% level or better
e Expect to have automatic tools for NNLO QCD
and NLO EW calculations
- Including decays and off-shell particles
e Adapted from 2013 Les Houches wish list
- Similar tables for other production modes incl H, W, Z, top
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ATLAS and CMS at HL-LHC
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Detector challenges at HL-LHC

e 14 TeV p-p collisions
e Collect 3000 fb™! total lumi
e 5*%103% cm2sec! instantaneous lumi
e Pile-up of 140-200
e ATLAS and CMS upgrades:
- New inner tracker

- Replace electronics, upgrade DAQ
- new/replace forward calorimeters

ttbar event with 140 pile-up events

(ATLAS simulation)
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HIL-LHC physics program
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HIL-LLHC decision tree

Was new physics

found in Run 11?

YES NO

Precision Precision

measurements and § measurements of
studies of the new H, top, and rare
physics process searches
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HL-LLHC decision tree

Was new physics
found in Run |17

Precision
measurements and
studies of the new

physics
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High-mass resonances

_ _ A — Dilepton Bkg
Vs = 14 TeV Ldt=11fb - Pseudo-Data
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High-mass resonances
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Post-observation measurements:

Distinguishing new physics models

e Measurements in multiple final states
e Measurements of event kinematics

3 TeV resonance 14TeVLHC
n [ []
& 005 W,R
0 . - -W,
g vodl Coloron
'(*%‘ B B —_— KKg o
e N e e Color triplet 1.+
0.03 - '
e = e
0.01:—!
---' 1 | 1 1 1 1 | 1 1 | 1 1 1 1
03 05 0 0.5 1

RS et al, arXiv:1409.7607

Spin Correlation

SM
= SSM

B UuU

[ NU

14 TeV, M(Z)=3 TeV |

EE
Op+ fb]

PRD86, 035005 (2012)
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Resonances at HL. -1 HC

Dilepton

" ATLAS I':"relliminar'y
(Simulation)
J L dt = 3000 fb™'

Z/y >l

Events / Bin

5TeVZ

RNRN

Events / 200 GeV

10

0.06 0.1

0.2 0.3 1 2 3 4567

m, [TeV]

e Challenging to

Top pair

(Simulation)

) Z+jets 3
JLdt:SOOOfb1 i o

Diboson 3

i

H, [GeV]

isolate NP signal even after observation
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Dark matter

e DM production through gluon or W or Z or Higgs
-v+ MET q .

. 0
-jet + MET :t.-;ma
-Z + MET 7
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High-mass resonances

10 X lumi = 2 X Vs

system mass [TeV] for 14.00 TeV, 3000.00 fb!
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HL-LLHC decision tree

Was new physics

found in Run 11?

YES NO

Precision Precision

measurements and § measurements of
studies of the new H, top, and rare
physics process searches
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HL-LLHC decision tree

Was new physics
found in Run |17

Precision
measurements of
H, top, and rare
process searches
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HL-LLHC decision tree

Was new physics
found in Run |17

in addition Precision

B ¥ Y measurements of

H, top, and rare
process searches
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Bosons as a target and as a tool

e Study Boson couplings
-WW, ZZ, triple-gauge couplings
- Tri-boson, VBF WW, quartic gauge coupling

e Study Higgs production and decay
- As many channels as possible
- Differential cross sections

- Rare Higgs production modes
» HH

- Rare Higgs decays
PH — Ut
-top — Hc
- New particles decaying to Higgs
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Double Higgs production

o(pp — HH + X) [fb]

T

e Probe triple-Higgs self-couplings 1 M — 125 GeV gg — HH
- Annn through interference -
- In bbyy, bbtt, bbwW 100 | _qd' — HHqq

“"qq/gg — ttHH |

e Probe EW doublet nature of Higgs

10 §

I qq — WHH
qq — ZHH
1L
0.1 I I I I
o 8 25 50 75 100
' , V5 [TeV]
! | interference o< AHHH Baglio et al, arXiv:1212.5581
T <+ "> :
00000000 o Rt o
Cz',' o’ '¢'
PN . =% AHHH
. C "N C ‘~~
T R I ! 3
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Higgs coupling measurements
ATLAS Simulation

\'s =14 TeV:  [Ldt=3000 fb"
ILdt:SOO fb™' extrapolated from 7+8 TeV

e Observe rare Higgs decays for first
time

e Disentangle different couplings C/T.
through combinations “ 0
N S I B B B ]
~ X Bestfit * Standard Model .
1.3 —300fb" - 3000 fb" —
- —68%CL —95%CL ]
1.21 E
1.13— —f
1 -
0.9f— _f
0.83— ATLAS Simulation PreliminarLf
: No theory uncertainties _
0_8—1,.|..l.l....|..l.|....l.,..|....|.,.-
8 085 09 0.95 1 1.05 1.1 1.15
Ky 0O 02 04 06 038
A(FX/FY) A(KX/KY)
ATL-PHYS-PUB-2013-007 ) Ly/Ty Ky/Ky
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Top coupling measurements

e Precision coupling measurements to W, H, Z
- anomalous tWb couplings sensitivity 103

Collider LHC ILC/CLIC
CM Energy [TeV] 14 14 0.5
Luminosity [fb™!] 300 | 3000 500
SM Couplings

photon, F}, (0.666) | 0.042 | 0.014 0.002

Z boson, FZ, (0.24) | 0.50 | 0.17 0.003

Z boson, FZ, (0.6) 0.058 | — 0.005
Non-SM couplings

photon, F}', 0.05 — —

photon, F}, 0.037 | 0.025 0.003

photon, F', 0.017 | 0.011 0.007

Z boson, FZ, 0.25 | 0.17 0.006

Z boson, ReF{, 0.35 | 0.25 0.008

Z boson, ImF$, 0.035 | 0.025 |  0.015 Snowmass 2013
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Precision top mass

e top mass to 200 MeV
e \\WV mass to 5 MeV

. _u . . == Total Stat+iJES
CMS preliminary projection —b-Jes —UECR
- - Others

1.2

30fb 300 fb! 3000 fb' =
13 TeV 14 TeV 14 TeV =

Present

CMS-PAS-FTR-13-017
move to 3D

fit (light JES+b JES)

spoylew ‘pis

0.8 NLO+PS

cé'rtainty [GeV]

n

dedicated UE /5 9-6]

fragmentation /& o
hadronization E ©
studies

-
-
=~

TR0 1 I LB L I 1

fully
differential 0
measurement

CMS-PAS-FTR-13-017
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Rare top quark decays

e FCNC in top, Higgs, Z
- NP loops give ~ 107>

o SM expectatlon: g 1 E IRLLL LR RLL LRI UL LU T T T T T TTITH
—  ATL-PHYS-PUB-2013-007 95% C.L
- -14 o C.L.
t—>Zcw~ 10 ..I - EXCLUDED
_t — HC ~ 10'15 o 10" LEP REGIONS
o0 —
- CDF B
- D
C,U - DO i
el 102 E —=
. F =
t ot - ATLAS (21b") =
Z0 - - CMS (4.6 o™ -
107 > (q=:I c1>nly} E
- ATLAS Simulation -
= lated to 14 TeV: -
Run 2—».’.?).‘t'.’a.p.o ------ - 1
0% E 300 b > ZEUS =7
= ' ' — | =
HL-LHC =t ----- F :_’ (sequential) ey .
- ol 5 3apb’ i
1 0-5 - L . (sequential) B
S — LS 3 ab’ g
S :: - (discriminant) =
—Illllll : I:I llll:ll 1 lll‘llll | .. IlII | Illlllll 1
107 10 10° 1072 10" 1
BR(t— qy)
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High-precision b-quark physics

e LHCDb

- Search for other sources of flavor symmetry breaking
» Rare processes, eg T — JUM, B mixing in top decays
»Bs,da = pH
» CP violation in Bs—J1/y ¢
» Other precision measurements and CP violation
» Non-trivial flavor-breaking patterns
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Other LHC physics

e Many other measurements by ATLAS and CMS

- Cross sections, couplings, masses, widths, decay BRs
» via gluon, W, Z, H
» with top, b, W, Z, H

- differential cross sections
» at high V/s

e Many other searches

e Heavy ion physics: ALICE
- study rare probes in p-Pb and Pb-Pb
» jets, b-jets, y/Z
» heavy flavor
- probe confinement, transport, thermal properties of QGP
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Future colliders

e 33 TeV in LHC tunnel

e \/LHC - 100 TeV in 100 km tunnel
- Complete coverage of TeV scale

eIl C - 0.5 TeV upgradable to 1 TeV

- Highest precision mass and coupling measurements
for Higgs, top, W, Z

| |
T quarks
gluinos 7 —4000  quark —>140,000
i compositeness
ewkino
) H pp, 100 TeV, 3000/fb
RPV stop colorons PP ¢
u pp, 33 TeV, 3000/fb
H pp, 14 TeV, 3000/fb
stop i
W pp, 14 TeV, 300/fb
7B L pp, 8 TeV, 20/fb
any NLSP M ee, 3 TeV, 1000/fb
| M ee, 1 TeV, 1000/fb
squarks i ee, 0.5 TeV, 500/fb
ZI
WIMPs
0 1000 2000 3000 0 10000 20000 30000 40000 50000 60000 70000

mass (GeV) mass (GeV)
AT S - v
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Conclusions

e High-luminosity LHC has rich physics program
e High-precision measurements
- Higgs, top, W, Z
- Masses and couplings
- test energy scales up to tens of GeV
e Measurements of new physics found in Run II
-In many channels
- High-mass resonances
- Dark matter interactions with quarks, top, Higgs, W, Z
e Searches for/Measurements of rare processes
- b-physics
- top decays
- Higgs decays
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Backup
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ATLAS & CMS upgrades

e New inner detectors
e Replace calorimeter electronics
e Replace muon electronics
e |1 track triggers
e ATLAS:
- Level-0 trigger for calo and muon
- Level-1 track trigger
- Calorimeter electronics
- Muon trigger and electronics
- Forward calorimeters
e DAQ
e CMS:
- Replace forward calorimeters
- L1 triggers with more latency and higher rates
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ATLAS tracking updates

e 6*108 pixel channels, 7*107 strip channels
e granularity increases by factor >4

ui LOI Layout

eta=00 eta=10
| , P

Solenoid

IP 0.0 05 1.0 15 2.0 25 3.0 3.5 z[m]
beam-axis
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ATLAS trigger at HL

500 kHz, 6 us 200 kHz, 20 us
Front End : Level-0 Level-1
{ Muon Trigger
Muon MDT : ' MDT
! ! Trigger
- N Barrel Sector :
L pycTP
Endcap/NSW [—-p] focoeP Seckr :
........................ L T B L BT
Central Trigger . TLevancgp . Lg"g‘ » L1A
........................ S N N NS 0 SS———— A S ——
Tracker [ LOA :
TK RODs :l L1 Track
Calorimeters | Calorimeter Trigger | | ¢ [T
ppses H—s FEXes
Calo RODs H : _:I L1Calo
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More searches

10¢

o tt H H HH production at pp colliders at NLO in QCD
My=125 GeV, MSTW2008 NLO pdf (88%cl)

10°

10°

10

acl®)]

10°

10!

10°

MadGr aph5 aMCENLO

10°
2 1314 25 33 50 75 100

Reinhard Schwienhorst




Mass scales of flavor measurements

mgl=|my|=3TeV, |mz|=10TeV

| | L.
301 Kaon | [ neutron
mixing | f EDM
10 B
Q. b
= ] e
“ F SO Tl
= [ USRS
3-SR ——— )
N My =125541 Gey
7 ¢charm |\ R
N - ixing I\ =
1k . N EDM | mixing |, |
10 102 10° 10* 10°

mg=m;=|ul (TeV)
Altmannshofer, Harnik, Zupan, arXiv:1308.3653

« Could also see proton decay if mass scale is 100 TeV
Hisano et al., arXiv:1304.3651

) S > e -
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Resonance in Run 2

I | lIITlTI 1 I 1 | I D B B

Events

. Dilepton Background =~ ATLAS Work in Progress
10 -+ Pseudo-Data DC14 xAOD: {s =13 TeV
10* Z', Discovery Story

102 § j Ldt=02fb""

lllllll e a2

200 300 1000 2000 3000 10000
Dielectron Invariant Mass [GeV]
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Resonance in Run 2

I | lIITlTI 1 I 1 | I D B B

Events

. Dilepton Background =~ ATLAS Work in Progress
10 -+ Pseudo-Data DC14 xAOD: {s =13 TeV
10* Z', Discovery Story
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Naturalness

Coamplioey Al SUSY
= e
13 (1 3
00 & j QE)
p w T
Hoo \L tL—,’R ’ Ll_ EB
20 — \"v <Zt

e Didn’t see SUSY or any top partners in Run I
- Top partners should appear immediately in Run II
- Or could be at any mass scale (up to ~10 TeV)
e Flavor violation could have coupling O(1) if mass ~100 TeV
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Physics 1n 2025

e Neutrino measurements

e dark matter

e fusion, ITER

e b physics

e Neutrino astronomy
- Icecube/Pingu

e LBNF starts?

e ILC construction?
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